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(54) Ionic additives for extreme low dielectric constant chemical formulations 



(57) A process for depositing porous silicon oxide- 
based films using a sol-gel approach utilizing a precur- 
sor solution formulation which includes a purified noni- 
onic surfactant and an additive among other compo- 
nents, where the additive is either an ionic additive or 
an amine additive which forms an ionic ammonium type 
salt in the acidic precursor solution. Using this precursor 
solution formulation enables formation of a film having 
a dielectric constant less than 2.5, appropriate mechan- 
ical properties, and minimal levels of alkali metal impu- 
rities. In one embodiment, this is achieved by purifying 
the surfactant and adding ionic or amine additives such 
as tetraalkylammonium salts and amines to the stock 
precursor solution. In some embodiments, the ionic ad- 
ditive is a compound chosen from a group of cationic 
additives of the general composition [NR(CH 3 ) 3 ] + A-, 
where R is a hydrophobic ligand of chain length 1 to 24, 
including tetramethylammonium and cetyltrimethylam- 
monium, and A* is an anion, which may be chosen from 
the group consisting essentially of formate, nitrate, 
oxalate, acetate, phosphate, carbonate, and hydroxide 
and combinations thereof. Tetramethylammonium salts, 
or more generally tetraalkylammonium satts, or tetraor- 
ganoammonium salts or organoamines in acidic media 



are added to surfactant templated porous oxide precur- 
sor formulations to increase the ionic content, replacing 
alkali ion impurities (sodium and potassium) removed 
during surfactant purification, but which are found to ex- 
hibit beneficial effects in promoting the formation of the 
resulting dielectric. 
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Description 

[0001] The present invention relates to the formation of dielectric layers. More particularly, the present invention 
relates to a method for forming a low dielectric constant film that is particularly useful as a premetal or intermetal 
5 dielectric layer in an integrated circuit. 

[0002] Semiconductor device geometries have dramatically decreased in size since integrated circuits were first 
introduced several decades ago, and all indications are that this trend will continue. Although today's wafer fabrication 
plants are routinely producing ever-shrinking devices, the plants of the future will soon be producing devices having 
even smaller geometries. 

io [0003] In order to continue to reduce the size of devices on integrated circuits, it has become necessary to use 
insulators having a low dielectric constant. Such films are particularly desirable for premetal dielectric (PMD) layers 
and intermetal dielectric (IMD) layers to reduce the RC time delay of the interconnect metalization, to prevent crosstalk 
between the different levels of metalization, and to reduce device power consumption. To this end, several semicon- 
ductor manufacturers, materials suppliers and research organizations have focused on identifying low and extremely 
low dielectric constant films . As used herein , low dielectric constant materials are those films havi ng a dielectric constant 
between 3.0 to 2.5 and extremely low dielectric constant ("ELk") films are those films having a dielectric constant below 
2.5 extending to dielectric constants below 2.0. 

[0004] One approach for reducing the dielectric constant includes introducing high porosity into the dielectric film 
layer. The dielectric constant of air is nominally 1 . Thus, dielectric films when made porous, tend to have much lower 
dielectric constants relative to the solid film, and values of -dielectric constants less than 2.5 are becoming achievable. 
[0005] One method of forming a particular type of ELk material is based on a sol-gel process, in which high porosity 
films are produced by hydrolysis and polycondensation of a silicon alkoxide such as tetraethylorthosilicate (TEOS). 
The sol-gel process is a versatile solution process for making ceramic material. In general, the sol-gel process involves 
the transition of a system from a homogeneous liquid "sol" (mostly colloidal) into a solid "gel" phase. The starting 
25 materials used in the preparation of the "sol" are usually inorganic salts or compounds such as silicon alkoxides. The 
precursor solutions are typically deposited on a substrate by spin on methods. In a typical sol-gel process, the precursor 
is subjected to a series of hydrolysis and polymerization reactions to form a colloidal suspension, or a "sol." Further 
processing of the "sol" enables one to make ceramic materials in different forms. The further processing may include 
the thermal decomposition of a thermally labile component, which may include the formation of an ordered surfactant- 
temptated mesostructured film by evaporation-induced self-assembly, followed by the thermal decomposition of the 
template. 

[0006] In a particular sol-gel-based process for forming a porous low dielectric constant film, surfactants act as the 
template for the film's porosity. The porous film is generally formed by the deposition on a substrate of a sol-gel precursor 
followed by selective evaporation of solvent components of the sol-gel precursor to form supramolecular assemblies. 
The assemblies are then formed into porous films by the pyrolysis of the supramolecular surfactant templates at a 
temperature range between approximately 300 and 450°C. This particular sol-gel-based process can produce porous 
films with controllable pore size and advantageously, with narrow distributions of pore size, which is beneficial for 
integrated circuit manufacture. 

[0007] Figure 1 is a flowchart illustrating a basic sol-gel-based process that has been previously proposed to deposit 
ELk films. As shown in Fig. 1, the first step is the synthesis of the stock precursor solution (step 100). The stock 
precursor solution is prepared, for example, by combining a soluble silicon oxide source, e.g., TEOS, water, a solvent, 
e.g., alcohol, and an acid catalyst, e.g., hydrochloric acid, in particular mole ratios at certain prescribed environmental 
conditions and mixed for certain time periods. 

[0008] Once the stock solution is obtained, the coating solution is mixed (step 110). The general procedure to prepare 
the coating solution is to add a surfactant to the stock solution. The surfactants are used as templates for the porous 
silica. In later processes the surfactants are baked out (i.e., calcined), leaving behind a porous silicon oxide film. Typical 
surfactants exhibit an amphiphilic nature, meaning that they can be both hydrophilic and hydrophobic at the same time. 
Amphiphilic surfactants possess a hydrophilic head group or groups which have a strong affinity for water and a long 
hydrophobic tail which repels water. The long hydrophobic tail acts as the template member which later provides the 
pores for the porous film. Amphiphiles can aggregate into supramolecular arrays in solution and in the solidifying gel 
as the solvent is removed during spin-coating, forming a structure which serves as a template for the porous film. 
Templating oxides around these arrays leads to materials that exhibit controllable pore sizes and shapes. The sur- 
factants can be anionic, cationic, or nonionic, though for the formation of dielectric layers for IC applications, non-ionic 
surfactants are generally preferred. The acid catalyst is added to accelerate the condensation reaction of the silica 
5 $ around the supramolecular aggregates. 

[0009] After the coating solution is mixed it is deposited on the substrate (step 120) using a spinning process where 
centrifugal draining ensures that the substrate is uniformly coated with the coating solution. The coated substrate is 
then pre-baked to complete the hydrolysis of the TEOS precursor, continue the gelation process, and drive off any 
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remaining solvent from the film (step 130). 

[0010] The pre-baked substrate can then be further baked to form a hard-baked film (step 140). The temperature 
range chosen for the bake step will ensure that excess water is evaporated out of the spin cast film. At this stage the 
film is comprised of a hard-baked matrix of silica and surfactant with the surfactant possessing an interconnected 
structure characteristic of the type and amount of surfactant employed. An interconnected structure aids the imple- 
mentation of the subsequent surfactant extraction phase. An interconnected structure provides continuous pathways 
for the subsequently ablated surfactant molecules to escape from the porous oxide matrix. 

[0011] Typical silica-based films often have hydrophilic pore walls and aggressively absorb moisture from the sur- 
rounding environment. If water, which has a dielectric constant (k) of about 78, is absorbed into the porous film, then 
the low k dielectric properties of the film can be detrimentally affected. Often these hydrophilic films are annealed at 
elevated temperatures to remove moisture and to ablate and extract the surfactant out of the silica-surfactant matrix. 
Such an anneal step leaves behind a porous film exhibiting interconnected pores (step 1 50). But this is only a temporary 
solution in a deposition process since the films may still be sensitive to moisture absorption following this procedure. 
[0012] Some sol-gel processes include further post-deposition treatment steps that are aimed at modifying the sur- 
face characteristic of the pores to impart various desired properties, such as hydrophobicity, and increased resistance 
to certain chemicals. A typical treatment that renders the film more stable is treatment with HMDS (hexamethyldisili- 
zane, [(CH 3 )3-Si-NH-Si-(CH 3 )3]), in a dehydroxylating process which will remove the hydroxyl groups, replace them 
with trimethylsilyl groups, and render the film hydrophobic (step 160). Alternatively, or in conjunction with such a si- 
lylation step, the porous material may be rendered more hydrophobic by the addition of an alkyl substituted silicon 
precursor, such as methyl triethoxysilane, CH 3 Si(OCH>CH 3 ) 3 (MTES) to the precursor formulation. It has been found 
that replacement of a significant fraction of the TEOS with MTES (for example 30-70%) in the liquid precursor formu- 
lation generates films exhibiting good resistance to moisture absorption without subsequent exposure to HMDS. 
[0013] A variety of alternatives to the above-described sol-gel process for depositing ELk materials have been pro- 
posed. Many of these alternatives follow the same basic general approach discussed above but vary the choice of 
ingredients used in the coating solution, the processing times and/or temperatures; combine certain steps; and/or 
divide other steps into various substeps. 
[001 4] However, none of the variations or alternatives known to the present inventors are suitable for use in integrated 
circuit fabrication due to the unacceptable impurity types or poorly controlled or uncontrolled impurity levels associated 
with commercially available surfactant components in the precursor solutions used for porous ELk deposition. 
30 [0015] In order for the film to be suitable and allow for a successful integration for IC fabrication, the film must have 
controlled level of impurities or it must be deposited using ingredients that have minimal levels of impurities that are 
harmful in silicon oxide-based insulator films in microelectronic devices. Impurities that are harmful in silicon oxide- 
based insulator films include alkali ions such as sodium and potassium which transport underthe influence of an electric 
field and which are nonvolatile. These impurities are typically introduced into the film as parts of the surfactants which 
25 are used in surfactant templated porous oxide precursor formulations. 

[0016] It is known in the semiconductor integrated circuit industry that alkali metal ions (such as sodium and potas- 
sium) must be rigorously excluded from silicon dioxide films used as MOS transistor insulators and multilevel intercon- 
nection insulators because these positively-charged ions are mobile when exposed to electric fields, drifting away from 
the positively-biased film interface and toward the negatively-biased film interface, causing capacitance-voltage shifts. 
While the exclusion of sodium has received the most attention because of its ubiquitous presence and high mobility, 
other alkali ions, especially potassium and lithium, are also equally problematic and must also be excluded from insu- 
lator films. Alkali metal impurity specifications for chemical precursor solutions (e.g., TEOS) for integrated circuit ap- 
plications typically set the allowable impurity levels to approximately 20 parts per billion maximum for each type of 
alkali metal. 

[0017] As stated above, the surfactants can be anionic, cationic, or nonionic, through for microelectronic applications 
the class of nonionic surfactants are generally preferred. Most anionic surfactants are not suitable for microelectronic 
applications because the molecules contain either alkali or alkaline earth metals, sulfate or sulfonate groups that are 
considered contaminants in microelectronic devices. Although cationic surfactants differ structurally from anionic sur- 
factants, they may suffer from similar problems, as they necessarily incorporate counteranions which may remain in 
50 the film and exhibit migration under electric fields or promote corrosion of metal or barrier films. 

[0018] Therefore, there is a need to arrive at a formulation which uses surfactants that do not contain the impurities 
which are unacceptable for microelectronic applications, yet which produce low dielectric constant films. 
[001 9] Embodiments of the present invention provide a process for depositing porous silicon oxide-based films using 
a sol-gel approach utilizing a precursor solution formulation which includes a purified nonionic surfactant and an additive 
55 among other components, where the additive is either an ionic additive or an amine additive which forms an ionic 
ammonium type salt in the acidic precursor solution. Using this precursor solution formulation enables formation of a 
film having a dielectric constant less than 2.5, mechanical properties sufficient for IMD or PMD layers in fabricating 
ICs, and minimal levels of alkali metal impurities. In one embodiment, this is achieved by purifying the surfactant and 
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adding ionic or amine additives such as tetraalkyl ammonium salts and amines to the stock precursor solution. 
[0020] In some embodiments, the ionic additive is a compound chosen from a group of cationic additives of the 
general composition [NR(CH 3 ) 3 ] + A-, where R is a hydrophobic ligand of chain length 1 to 24, including tetramethylam- 
monium and cetyltrimethylammonium, and A' is an anion, which is chosen from the group consisting essentially of 

5 formate, nitrate, oxalate, acetate, phosphate, carbonate, and hydroxide and combinations thereof. Tetramethy I ammo- 
nium salts, or more generally tetraalkylammonium salts, or tetraorganoammonium salts or organoamines in acidic 
media are added to surfactant templated porous oxide precursor formulations to increase the ionic content, replacing 
alkali ion impurities (sodium and potassium) removed during surfactant purification, but which are found to exhibit 
beneficial effects for the resulting dielectric. 

10 [0021] These and other embodiments of the present invention as well as its advantages, are described in more detail 
in conjunction with the description below and the attached figure, which is provided by way of example. 
[0022] Fig. 1 is a flowchart of a typical process in which a templated sol-gel process is used to deposit a porous 
silicon oxide layer. 

15 DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

[0023] Embodiments of the present invention are directed towards particular compositions for spin-on precursor 
solutions used to deposit a type of porous silicon oxide dielectric layer. Specifically, embodiments of the present in- 
vention describe additives to use in conjunction with particular precursor formulations which use purified surfactants 
for depositing porous ELk material. The surfactants are purified to remove impurities from the surfactant molecules, 
to reduce or eliminate the presence of alkali metal and alkali ion impurities, which are known to be detrimental to 
integrated circuit fabrication. 

[0024] It is known in the semiconductor integrated circuit industry that alkali meta! ions (such as sodium and potas- 
sium) should be excluded from silicon dioxide films used as MOS transistor insulators and multilevel interconnection 
insulators because these positively-charged ions are mobile when exposed to electric fields, drifting away from the 
positively-biased film interface and toward the negatively-biased film interface, causing capacitance-voltage shifts. 
While, the exclusion of sodium has received the most attention because of its ubiquitous presence and high mobility, 
the other alkali ions, especially potassium and lithium, must also be kept to acceptable levels. Alkali metal impurity 
specifications for chemical precursor solutions (e.g., TEOS) for integrated circuit applications are typically set to allow 
30 impurity levels of about 20 parts per billion maximum for each type of alkali metal. 

[0025] The inventors have found that alkali metal ions have higher mobility in porous silicon oxide-based films than 
in the dense silicon oxide films that have generally been used for integrated circuits. Even cesium ions, which have 
very low mobility in dense silicon oxide films compared to sodium ions, appear to transport through porous ELk films 
underthe influence of electric fields. Therefore, for porous silicon oxide-based films, alkali metal impurity concentrations 
in ELk film chemical precursor solutions should be less than the 20 parts per billion for each type of alkali metal. While 
these requirements may be relaxed in the future, control of alkali metal impurity concentration will still be important. 
[0026] While commercially-available unpurified surfactants could be used in chemical formulations to form porous 
films with desired low dielectric constants, the final films will have impurity levels far in excess of acceptable levels, 
and thus the surfactant must be purified. Surfactant purification can be performed using common procedures, such as 
employment of ion exchange columns in which alkali ions can be retained and hydrogen ions released in their place. 
These unpurified surfactants may commonly possess alkali ion concentrations in the range from about 100 to 1000 
parts per million. The goal of surfactant purification is to reduce alkali ion impurity levels to less than 50 parts per billion. 
Acceptable concentrations of alkali ion impurities in ELk film chemical precursor solutions are less than 10 parts per 
billion for each alkali element. 

[0027] However, surprisingly, the inventors discovered that when depositing films from a precursor formulation with 
a surfactant that was purified (to contain alkali ion impurity levels to less than 50 parts per billion) to remove undesired 
alkali metal ion impurities (most notably sodium or potassium ions), the deposited films had relatively high dielectric 
constants, approaching that of dense silicon dioxide. The inventors believe that this might be attributed to a failure to 
form a stable mesophase due to a weaker mesophase separation, and/or to a collapse of the porous structure during 
50 calcination. 

[0028] Very significantly, it was subsequently discovered that a purified surfactant could be used to produce porous 
films with desired low dielectric constants if specific types of ionic or amine additives were added to the formulation in 
relatively low concentration. These impurities are believed to strengthen the mesophase separation and promote hard- 
ening of the pore wall so as to prevent collapse and permit the thermal decomposition and removal of the surfactant 
55 to provide the porous film. 

[0029] Generally, the ionic additive is a compound chosen from a group of cationic additives of the general compo- 
sition [NR(CH 3 ) 3 ] + A-, where R is a hydrophobic ligand of chain length 1 to 24, including tetramethylammonium and 
cetyltrimethylammonium, and A" is an anion, which may be chosen from the group consisting essentially of formate, 
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nitrate, oxalate, acetate, phosphate, carbonate, and hydroxide and combinations thereof. Tetramethylammonium salts, 
or more generally tetraalkylammonium salts, or tetraorganoammonium salts or organoamines in acidic media are added 
to surfactant templated porous oxide precursor formulations to increase the ionic content, replacing alkali ion impurities 
(sodium and potassium) removed during surfactant purification, but which are found to exhibit beneficial effects towards 

5 achieving low dielectric constants. 

[0030] While the additive may be an ionic additive as is generally described above, the additive may alternately be 
an amine additive which forms an ionic ammonium type salt in the acidic precursor solution. While not being limited to 
any particular theory, the inventors suggest that the amine additive which forms an ionic ammonium type salt in the 
acidic precursor solution facilitates a pH shift during thermal processing of the film which may be crucial to porous film 

10 formation. 

[0031] The suitable amine additive is selected from the group consisting of: 

TEDA, triethylenediamine, (CH 2 ) 6 N 2 ; 

DELA, diethanolamine, (HOCH 2 CH 2 ) 2 NH; 
'5 TELA, triethanolamine, (HOCH 2 CH 2 ) 3 N; 

APDEA, aminopropyldiethanolamine, (HOCH 2 CH 2 ) 2 N(CH 2 CH 2 CH 2 NH 2 ); 

PACM, bis(p-aminocyclohexyl)methane, NH 2 (C 6 H 10 )CH 2 (C 6 H 10 )NH 2 ; 

QUIN, quinuclidine : N(CH 2 ) 6 CH; 

3-Quinuclidinol, N(CH 2 ) 6 CH; 
20 TMA, trimethylamine, (CH 3 ) 3 N; : 

TMEDA, tetramethylethylendiarnine, (CH 3 ) 2 NCH 2 CH 2 N(CH 3 ) 2 ; 

TMPDA, tetramethyl-1 ,3-propanbdiamine, (CH 3 ) 2 N(CH 2 ) 3 N(CH 3 ) 2 ; 

TMA(0, trimethylamine oxide, (GH 3 ) 3 N(0); 

PC-9, N.N.N-trisCN'.N'-dimethyl-S-aminopropylJamine, ((CH 3 ) 2 NCH 2 CH 2 CH 2 ) 3 N; 
PC-77, 3 t 3 , -bis(dimethylamino)-N-methyldipropylamine, ((CH 3 ) 2 NCH 2 CH 2 CH 2 ) 2 NCH 3 ; 
CB, choline hydroxide, HOCH 2 CH 2 N(CH 3 ) 3 OH; 
DMAP, 4-dimethylaminopyridinei (CH 3 )2N(C 6 H 5 N); 
DPA, diphenylamine, (C 6 H 5 N) 2 NH; 

TEPA, tetraethylenepentamine, HN(CH 2 CH 2 NHCH 2 CH 2 NH 2 ) 2 . 
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[0032] As can be recognized, numerous alternate embodiments of the ELk film may be deposited depending upon 
the choice of the spin-on solution ingredients, in particular, the surfactant and the additive and processing times and 
parameters. The ELk films deposited! according to some embodiments of this invention exhibit the following properties: 

I . 
i 

the film is composed essentiallylof Si-O and Si-CH 3 bonds 
a dielectric constant in the range between 1.4 and 2.5 
a porosity between 20% and 60% 

a modulus of elasticity of between 1 .4 and 1 0 GPa, and generally between 2 and 6 GPa 
a hardness value between 0.2 and 2.0 GPa, and generally between 0.4 and 1 .2 GPa 
a refractive index at 633 nm of between 1 .1 and 1 .5 



[0033] Additive levels in the final ELk chemical precursor formulation are approximately in the range between 0.1 to 
2000 parts per million, and in some embodiments in the range between 1 and 500 parts per million. 
[0034] As described above, a particular sol-gei-based process as shown in Fig. 1 may be used to deposit surfactant 
templated ELk films. As described by steps 100 to 160 of Fig. 1, an Elk film is formed by forming a templated sol-gel 
ELk chemical precursor formulation, kp\n coating a substrate with the precursor formulation and then thermally treating 
the coated substrate to form a porqus dielectric layer thereon. Specific embodiments of the present invention are 
directed to the particular method for the formation of the precursor solution composition which are described as steps 
100 and 110 of Fig. 1. i 

[0035] Specifically, the templated spl-ge! ELk chemical precursor, according to embodiments of the present invention 
is formulated by mixing two solutions! and then adding the purified surfactant to the mixture of the two solutions, where 
a first solution is obtained by mixing a soluble silicon oxide source (e.g., TEOS), an alkyl substituted silicon precursor 
(e.g., MTES) and a solvent, and where a second solution is obtained by mixing water, the acid catalyst and the additive. 
As described above, the additive is an ionic additive or alternately an amine additive which forms an ionic ammonium 
55 type salt in the acidic precursor formulation as described above, 

[0036] Alternately, the templated sol-gel ELk chemical precursor, according to another embodiment of the present 
invention is formulated by mixing together two solutions, where a first solution is obtained by mixing a soluble silicon 
oxide source (e.g., TEOS), an alkyl substituted silicon precursor (e.g., MTES), a solvent and the purified surfactant, 
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and where a second solution Is obtained by mixing together water, the acid catalyst and the additive, and further where 
the additive is an ionic additive or alternately an amine additive which forms an ionic ammonium type salt in the acidic 
precursor formulation as described above. 

[0037] Yet, in other alternate precursor formulations, the purified surfactant is added to the solution containing the 
water, the acid and the additive instead of the silica-containing solution. It is desirable to form two separate solutions 
where one is the solution containing the solvent, the water, the acid and the additive and the other is the solution 
containing the silica precursors and the solvent. The surfactant can be added to either of the solutions. Forming the 
final precursor solution from these two solutions enables the creation of two long-shelf-life solutions, which is commer- 
cially advantageous over other highly reactive solutions having a relatively short shelf life. The final precursor solution 
formed by mixing the two solutions has a much shorter shelf life than the two separate solutions. For example, each 
of the two separate solutions are chemically stable with a shelf life of over 6 months, while the final precursor formulation 
which is used to coat substrates is chemically stable for less than a week. Another advantage of forming a final precursor 
solution from the two long-shelf life solutions is that it enables the formation of highly reactive mixture before coating 
the substrates. The highly reactive mixture will allow for a quicker cure of the coated substrates to form a stable film 
in a reduced time. Thus, a deposition apparatus can be developed to first mix the two long-shelf-life solutions together 
to form the more reactive formulation mixture to be applied to the wafer 

[0038] An example of such a deposition apparatus is described in copending U.S. Application No. 09/692,660, as- 
signed to Applied Materials, Inc., and entitled "ULTRASONIC SPRAY COATING OF LIQUID PRECURSOR FOR LOW 
K DIELECTRIC COATINGS," which is hereby incorporated herein by reference in its entirety. 

[0039] Embodiments of the present invention are further described by comparing example formulations prepared in 
accordance with the method of the present invention (Invention Example 1) to two comparative examples. The com- 
parative examples, (i.e., Comparative Examples 1 and 2) describe prior art processes including: a basic precursor 
solution formulation using industrially available (unpurified) surfactants (i.e., Comparative Example 1); and variant 
formulations using a purified surfactant (i.e., Comparative Example 2). An example of the invention (i.e., Invention 
Example 1) describe formulations which has additional amounts of additives added to compensate for the effects of 
the material impurities removed by purification of the surfactant. 

[0040] Before describing the purified formulation (Comparative Example 2) or formulations having additives (Inven- 
tion Example 1), an example of a precursor formulation using an unpurified surfactant is described below (Comparative 
Example 1). This example (Comparative Example 1) serves as a foundation for the remaining examples. 

Comparative Example 1: Precursor Formulation Using an Unpurified Surfactant 



[0041] This example describes a prior art process for preparing a precursor formulation using an unpurified surfactant 
to form a porous oxide-based film. Using this formulation, an ELk film was deposited according to a sol-gel-based 
process as described above by steps 100-150. During steps 100-150 a precursor solution containing at least a silica 
precursor composed primarily of a silicon/oxygen compound, water, a solvent, a surfactant and a catalyst was formed. 
The precursor solution was spun on the wafer and the wafer thermally treated by being baked in a chamber at various 
temperatures between about 90°C and 450°C for between about 30 and 3600 seconds in inert or oxidizing environ- 
ments having pressures in the range from about 0.1 Torr to atmospheric. The silicon/oxygen compounds were selected 
from the group consisting of tetraethylorthosilicate, tetramethoxysilane, phenyltriethoxysilane, methyltriethoxysilane, 
1 ,1 ,3,3-tetraethoxy-1 ,3-dimethyldisiloxane, and combinations thereof. The solvent was selected from the group con- 
sisting of ethanol, isopropanol, propylene glycol monopropyl ether, n-propanol, n-butanoi, t-butanol, ethylene glycol 
and combinations thereof. The catalysts were selected from the group consisting of acetic acid, formic acid, glycolic 
acid, glyoxylic acid, oxalic acid and nitric acid. The surfactant was a non-ionic surfactant selected for example from 
the group consisting of polyoxyethylene oxides- propylene oxides-polyethylene oxides triblock copolymers (such as 
the Pluronics line of surfactants marketed by BASF, and Brij line marketed by ICI), octaethylene glycol monodecyl 
ether, octaethylene glycol monohexadecyl ether, Triton™ 100, Triton™ 114, Triton™ 45, and related compounds and 
combinations thereof. The particular unpurified surfactant used was from the Triton™ series offered by Union Carbide 
and more specifically the Triton™ X-1 14 surfactant, which is an octylphenol ethoxylate-type surfactant. The use of the 
50 X-1 14 surfactant results in films having smaller and more uniform pore sizes, than other non-Triton surfactants listed. 
[0042] In particular, the specific precursor formulation used in this example (Comparative Example 1) had the fol- 
lowing composition: tetraethoxysilane (TEOS) - 22.5 gms; methyltriethoxysilane (MTES) - 22.5 gms; propylene glycol 
monopropyl ether (PGPE) -46.72 gms; 0. IN Nitric acid - 24 gms; and Triton X-1 14- 9.67 gms (Triton 114 is trademark 
of a mixture of ethoxylated p-tert-octylphenols manufactured by the Union Carbide Corporation). 
55 [0043] The inventors deposited silicon oxide-based films using the commercially available nonionic surfactants which 
contain alkali metal impurities. Alkali metal impurities are commonly present in commercial surfactants in the range 
between about 1 00 to 1000 parts per million. While these films possessed the necessary requirements for microelec- 
tronic devices including very low dielectric constants (less than 2.5), good adhesion, high modulus of elasticity, and 
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small pores sizes, the presence of unacceptable levels of alkali metal and alkali ion impurities contained within the 
surfactant, rendered these silicon oxide-based films unacceptable for microelectronic applications. As described above, 
acceptable levels of alkali metal impurity concentrations in ELk film chemical precursor solutions are less than 20 parts 
per billion for each type of alkali metal, and preferably less than 10 parts per billion for each alkali element. 
[0044] Therefore, the inventors aimed to develop a formulation which could be used to form ELk films having minimal 
levels of impurities by using an improved surfactant in the precursor formulation. An improved surfactant for this for- 
mulation is readily purifiable by distillation, ion exchange chromatography, or ideally can be prepared without the use 
of problematic impurities such as alkali metal compounds. 

Comparative Example 2: Precursor Formulation Using a Purified Surfactant 

[0045] This example describes a process for the formation of precursor formulation using a purified surfactant to 
deposit a film. The difference between the formulation of this example (Comparative Example 2) and the specific 
formulation of the previous example (Comparative Example 1) is that the formulation in this example uses a purified 
form of the Triton™ surfactant, i.e., one where the alkali metal impurities were removed from the surfactant before it 
was added to the coating solution. Alkali metal impurities in the purified surfactant were approximately less than 50 
parts per billion. Surfactant purification can be performed using common procedures, such as employment of ion ex- 
change columns in which alkali ions can be retained and hydrogen ions released in their place. Using this formulation, 
an ELK film was deposited based on a sol-gel process as described above by steps 100-150. 

[0046] However, once the inventors deposited films using the purified surfactants, an unexpected result was discov- 
ered in that the pores were not formed in the films and hence the films collapsed to a thickness much lower than that 
expected and the films' dielectric constant increased to unacceptable values (higher than 3.0). The increase in the 
dielectric constant is believed to be at least due to the loss of porosity in the film. Thus, the inventors found that the 
absence of the alkali metal ion impurities present in commercial detrimentally impacts the properties of the final film 
using such a purified formulation. 

Invention Example 1 : Precursor Formulation Using a Purified Surfactant and Additives and Effects of Additives 

[0047] This example describes specific formulations for depositing porous silicon oxide-based films using a sol-gel- 
based process utilizing a precursor solution formulation which includes a purified nonionic surfactant and an ionic 
additive in accordance with embodiments of the present invention. Alkali metal impurities in the purified surfactant were 
approximately less than 50 parts per billion. The difference between the formulation of this example (Invention Example 
1 ) and the formulation of the previous example (Comparative Example 2) is the addition of the additive to the precursor 
formulation as is described below. Using this precursor solution formulation the deposited films' properties meet the 
requirements of having a dielectric constant less than or equal to 2.5, and high porosity, while containing minimal levels 
of alkali metal impurities. 

[0048] In particular formulations, tetramethylammonium salts including tetramethylammonium formate, tetramethy- 
lammonium nitrate, tetramethylammonium oxalate, tetramethyl ammonium hydroxide and tetramethylammonium ac- 
etate were added to the precursor formulation. The precursor solution was then formulated by adding the additive to 
a first solution containing the water and the acid and adding this first solution to a second solution containing the TEOS, 
the MTES, the solvent and the surfactant. It is believed that the volatilization of acid components during subsequent 
thermal processing may have shifted the effective pH in the film from acid to neutral or basic, thus promoting the 
condensation of the sol-gel network (precursor to the pore walls) around the surfactant, although other mechanisms 
are not ruled out. Three specific types of films were prepared using three specific additive-enhanced formulations. 
These three film types were formed on wafers 2-7 as shown on Table 1 below. The amounts and type of additives for 
the three formulations are shown below in Table 1 . The surfactant used for all cases shown in Table 1 is a the Triton™ 
114 surfactant purified to remove alkali metal ion impurities. 



Table 1 



Wafer No. 


Solution Used 


Additive 


Thickness - A 


K 


1. 


Purified 114 


None 


4055 


3.30 


2. 


Purified 114 


0.25g of 25% of tetramethyl ammonium formate 


5903 


2.12 


3. 


Purified 114 


0.05g of 25% of tetramethyl ammonium nitrate 


5907 


2.14 


4. 


Purified 114 


700 ppm tetramethyl ammonium hydroxide (TMAH) 


4630 


2.26 


5. 


Purified 114 


100 ppm TMAH 


6480 


2.28 


6. 


Purified 114 


30 ppm TMAH 


6268 


2.27 
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15 
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25 



30 



Table 1 (continued) 



Wafer No. 


Solution Used 


Additive 


Thickness - A 


K 


7. 


Purified 114 


15 ppm TMAH 


6409 


2.24 



[0049] Table 1 provides the dielectric constant data of films deposited from various precursor formulations shown in 
Table 1 . As can be seen from this table, the effect of the addition of the tetramethylammonium salts is dramatic For 
example, the formulation used to deposit the oxide-based film on wafer 1 used no added salt As can be seen from on 
Table 1, wafer 1's deposited film thickness is 4055 A having a dielectric constant of 3.3. On the other hand by the 
addition of 0.25g of tetramethylammonium formate to the precursor solution, the results shown for wafer 2 were ob- 
tained, which had a deposited film thickness of 5903 A and a dielectric constant of 2.12. Similar results were obtained 
with the addition of 0.05g of tetramethylammonium nitrate to the precursor solution before depositing the film on wafer 
3. The increased film thickness was due to increased pore formation in the film with the addition of the salt additive 
[0050] The formulation used to form a porous oxide film on wafers 4, 5, 6 and 7 used a 2.4 wt.% solution of tetram- 
ethylammonium hydroxide (TMAH) solution as an additive. The quantity of the additive added to the solution ranged 
from 700 ppm to 15 ppm relative to the precursor formulation. As can be seen from the results in Table 1 TMAH also 
results in the formation of thicker films as compared to the films formed using a purified surfactant where no additive 
was present in the formulation. The results for TMAH addition show that, in general, an increase in the quantity of the 
added TMAH.results in an increase in film thickness and a reduction in the dielectric constant of the film as compared 
to films deposited using additive-free formulations. These results confirm the utility of this approach for restoration of 
the desired film properties for IMD or other electronic applications. 

[0051] While not being limited to any particular theory, the inventors believe these results may be due to the fact that 
the salts play a similar role as the removed alkali metals in promoting sol condensation , and in stabilizing the mesophase 
structure prior to and during thermal processing steps. Moreover, these results may be also due to the improved atomic 
level interactions between the surfactant molecules and silica species. As is known, formation of surfactant templated 
thin films is based on co-assembly of silica and surfactant by means of electrostatic or hydrogen bonding interactions 
[0052] Having fully described several embodiments of the present invention, many other equivalent or alternative 
methods of forming a precursor solution for depositing a porous oxide film according to the present invention will be 
apparent to those skilled in the art. For example, the ionic additives could be added to either the stock or the coating 
precursor solution. These equivalents are intended to be included within the scope of the present invention which is 
set forth in the following claims. 



35 



40 



Claims 

1 . A process for forming a dielectric layer over a substrate, said process comprising: 

coating said substrate with a solution comprising a soluble source of silicon oxide, water, a solvent, a nonionic 
surfactant, an ionic additive, and an acid catalyst; and 

treating said coated substrate to harden said solution into a porous silicon oxide film. 

2. The process of claim 1 , wherein said nonionic surfactant is first purified to remove alkali metal impurities. 

3. The process of claim 1 or claim 2, wherein said nonionic surfactant comprises less than or equal to 50 parts per 
45 billion of any alkali metal. 

4. The process of any one of claims 1 to 3, wherein said ionic additive is added to said solution in an amount in the 
range between 0.1 and 2000 parts per million. 



50 



55 



5. The process of any one of claims 1 to 4, wherein said ionic additive is a compound selected from (a) tetraalkylam- 
monium salts, (b) tetraorganoammonium salts, (c) organoamines in acidic media and combinations of two or more 
thereof. 

6. The process of any one of claims 1 to 4, wherein said ionic additive is a compound chosen from tetraalkylammonium 
salts and salts with the general cationic composition [NR(CH 3 ) 3 ]+A-, where R is hydrophobic ligand of chain length 
1 to 24, and A" is an anion. 
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7. The process cf any one of claims 1 to 4, wherein said ionic additive is selected from (a) a tetramethylammonium 
salt and (b) a salt exhibiting complete decomposition to volatile species upon heating to a temperature between 
300 and 450°C, and which leaves no residue. 

5 8. The process of any one of claims 1 to 4, wherein said ionic additive is a compound chosen from cationic additives 
of the general composition [NR(CH 3 ) 3 ] + A", where R is a hydrophobic ligand of chain length 1 to 24, including 
tetramethylammonium and cetyltrimethylammonium, and A* is an anion, which is chosen from formate, nitrate, 
oxalate, acetate, phosphate, carbonate and hydroxide and combinations of two or more thereof. 

10 9. The process of any one of claims 1 to 4, wherein said ionic additive is a tetramethylammonium salt chosen from 
tetramethylammonium formate, tetramethylammonium nitrate, tetramethylammonium oxalate, tetramethylammo- 
nium acetate, tetramethylammonium hydroxide and other salt exhibiting complete decomposition to volatile species 
upon heating to a temperature between 300 and 450°C and which leaves no residue. 

*s 10. The process of any one of claims 1 to 9, wherein said solution is formulated by combining at least a first mixture 
and a second mixture. 

11. The process of claim 10, wherein said first mixture and said second mixture are combined prior to said coating. 

20 12. The process of any one of claims 1 to 11 , wherein said first mixture comprises a solvent, water, an acid catalyst 
and the ionic additive, and said second mixture comprises a soluble silicon oxide source a solvent. 

13. A process for forming a dielectric layer over a substrate, said process comprising: 

25 coating said substrate with a solution comprising a soluble source of silicon oxide, water, a solvent, a nonionic 

surfactant, an ionic additive, and an acid catalyst; and 

treating said coated substrate to harden said solution into an porous silicon oxide film, wherein said nonionic 
surfactant is first purified to remove alkali metal impurities; and wherein said ionic additive is selected from (a) 
tetraalkylammonium salts, (b) tetraorganoammonium salts, (c) organoamines in acidic media and combina- 
30 tions of two or more thereof. 

14. A process for forming a dielectric layer over a substrate, said process comprising: 

coating said substrate with a solution comprising a soluble source of silicon oxide, water, a solvent, a nonionic 

35 surfactant, an ionic additive, and an acid catalyst; and 

treating said coated substrate to harden said solution into a porous silicon oxide film, wherein said nonionic 
surfactant is first purified to remove alkali metal impurities; and wherein said ionic additive is a tetramethyl- 
ammonium formate, tetramethylammonium nitrate, tetramethylammonium oxalate, tetramethylammonium ac- 
etate, tetramethylammonium hydroxide and other salt exhibiting complete decomposition to volatile species 

40 upon heating to a temperature between 300 and 450°C and which leaves no residue. 

15. A process for forming a dielectric layer over a substrate, said process comprising: 

coating said substrate with a solution comprising a soluble source of silicon oxide, water, a solvent, a nonionic 

45 surfactant, an ionic additive, and an acid catalyst; and 

treating said coated substrate to harden said solution into a porous silicon oxide film, wherein said nonionic 
surfactant is first purified to remove alkali metal impurities; and wherein said ionic additive is a compound 
chosen from cationic additives of the general composition [NR(CH 3 ) 3 ] + A-, where R is a hydrophobic ligand of 
chain length 1 to 24, including tetramethylammonium and cetyltrimethylammonium, and A- is an anion, which 

50 is chosen from formate, nitrate, oxalate, acetate, phosphate, carbonate, and hydroxide and combinations of 

two or more thereof. 
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